Due to the instability of materials and the screw's rotation friction, it will be dangerous in the screw extrusion process of solid propellant. Because there were so much nitroglycerin and solid part in GR-35 double-base propellant, it was more difficult in spiral extrusion for this important propellant than others. In order to solve this problem, the Polyflow software was used to simulate the spiral extrusion process of GR-35 in this paper. Then four parameters (the temperature, the pressure, the shearing rate and the velocity) were analyzed at the axial direction (Z=0.02 m and Z=0.08 m). Then, these parameters of Z direction were analyzed by a line near the arris. According to the results, no matter the value of temperature, pressure, shearing rate or velocity, was larger in screw arris position. In addition, the values of temperature and pressure will increase as the extrusion processes while the velocity and the shearing rate will decrease. The simulated results can be used to optimize the technological in the process of screw extrusion of solid propellant and decrease the risks in process.
Nomenclature

Introduction
There are many methods for molding process of solid propellant, such as extrusion method and casting method. In the large scale production of military industrial enterprises, the most commonly-used method is extrusion method, especially screw extrusion technology. There are many advantages for solid propellant produced by screw extrusion, such as stable performance, good inoxidizability, weather resistance and low-cost, etc [1] . But due to so much solid part and strong compression in extrusion process, the temperature will increase fast in actual production, which existed high risk and even lead to accidents. There was a statistic for 115 major accidents of solid propellant abroad. About 68% of these accidents occurred in production process [2] . So it is necessary to study the extrusion process of solid propellant for inherent safety. In the development of the solid propellant's screw extrusion process, it is essential to optimize the production process for higher quality of the solid propellant and producing safety. In recent years, some researchers had attempts to study the screw extrusion of the solid propellant by the extrusion theories in plastics, such as solid transportation theory, melting theory and melt conveying theory [3] . There were some useful results in their research, but there still exist potential problems to be solved.
Although there were two ways for extrusion process (single screw extrusion and twin-screw extrusion), the most common method was single screw extrusion. The single screw extruders were around 80% of all extruders in machinery industry of China [4] . This shows the important role of single screw extrusion. The single screw extruder was so important that many scholars focused on it. The research results of K.WilczyÄski [5] had revealed the performance of single screw extruder based on the simple model of single screw extrusion. In addition, from the perspectives of operating conditions, geometric features and barrel friction, Jaluria [6] had studied the solid transport model of screw. Besides, the discrete element method was used by M.R.Thompson [7] to simulate the flow of solid granules in screw extruder.
Polyflow is the fluid dynamics computational software by finite element method [8] . This software has enough capability to solve problems of nonlinear and non-Newtonian fluid, so it can be used to simulate the flow process of viscoelastic materials well. Because of its advantages, Polyflow applies to study screw extrusion of polymers and there were lot of examples for solving engineering problems by Polyflow software [9−10] . But there was little reference to study the extrusion process of solid propellants by Polyflow.
In this paper, Polyflow software was used to research the extrusion process of GR-35, one common solid propellant. GR-35 is one new type double base solid propellant. It contains about 35% nitroglycerin, some combustion catalysts and aluminum powder. Because of too much nitroglycerin and solid, it was difficult to spiral extrusion well in actual production [11] . To analyze the fluid field, the single screw extrusion process of GR-35 was simulated at the rotational speed of 20 r·min -1 . Then the distributions of four parameters (temperature, pressure, viscosity and shearing rate) were calculated and analyzed under non-isothermal condition.
Numerical simulation
Due to the complexity of screw, there may be grid deformation during rotation process. So overlapping mesh method was used to overcome this difficulty when making mesh [12−13] . In this paper,the non-isothermal flow was studied, and the influence of viscosity on shearing rate was considered at the same time. So power law model [14] was used to calculate the parameters of non-isothermal flow under the constant heating and holding temperature.
Basic assumptions
In order to simulate one model well, two factors should be considered. The first one is in accordance with actual condition, and another one is the convenience of calculation. In view of the complexity between single screw extrusion process and all kinds of parameters, three assumptions for the characteristics of materials and technology features were listed as follows.
The fluid is generalized non-Newtonian fluid and the flow pattern is laminar flow; The viscous force is much larger than inertia force and gravity, so inertia force and gravity can be ignored. The materials are both high viscosity and incompressible fluids, so the skidding between materials and barrels can be ignored. According to above assumptions, the governing math equation, including equations of continuity and motion, can be established as follows [15−16] .
Continuity equations:
(1) Equations of motion: (2) According to the continuity of high polymer material during processing, as well as the conservation of momentum and energy, the power law model was used in this simulation.
The power law model is
According the experimental data in reference [11] , the unknown parameters in power law model can be determined by multivariate nonlinear regression. The results were listed in Fig. 1 , and the values of K, n, λ were 296.23, 0.0998 and 1.714E -5 , respectively. 
The simulation of solid propellant
Due to the complexity of screw model, a two-headed single screw was used to calculate in this paper. In order to decrease the requirement for computer and reduce the computation time, a screw with 100 mm in length was cut for simulation. This part contains one lead. The diameter of root screw is 70 mm and inner diameter of the cylinder is 100 mm. In addition, the distance between the screw arris and the cylinder is 9 mm. The finite element mesh in flow channel is hexahedron while the part of screw is tetrahedron. As shown in Fig. 2 , the quality of mesh is good.
According the actual parameters of GR-35 in production process and the assumptions in 2.1, the Boundary conditions and material parameters of screw process were listed in Table 1 . 
Results and analysis
To analyze the changes of four parameters well, two figures were given for every parameter. The first one is the distributions of four variables in XY section. The second one is a line closed to the arris, which listed the distribution at axial direction (Y=0). For all figures, the inlet was marked Z=0 m, while the outlet was Z=0.1 m.
Temperature
The temperature distribution trends of GR-35 in the process of extrusion were shown in Fig. 3 and Fig. 4 . The increase of temperature is the direct reason for burning and explosion hazard in the extrusion process. So, the variation of temperature is the most important aspect in the extrusion process. In other words, the reasonable temperature is an important parameter to ensure the safety of the propellant in the extrusion process. So the temperature distribution was listed in Fig. 4 . It can be seen that the temperature was higher at the screw arris, the highest temperature was 430 K. This phenomenon may be caused by the friction and the mixture of propellant during rotating process of the screw. In addition, according to the results in Fig. 3 , it can be seen that the temperature on the surface of the Z=0.08 m is more homogeneous and stable than the surface of the Z=0.02 m. Because the position of the Z=0.02 m is close to inlet, where carried the mixing process of the materials and relatively disordered, so the extrusion and deformation process of material is non-uniform. With the screw extruding, the process of mixing almost completely and the material become a steady-state situation.
According to Fig. 4 , the temperature would increase at the screw arris and then decrease slowly, but the general trend was growing. The temperature can reach 370 K at the first arris (Z=0.015) and 425 K at the second arris (Z=0.07). This phenomenon was caused by heat transfer. In the position of arris, the hot water in the inner tube will heat the materials, but the materials will be cooling between two arrises by the cold water in the sleeve.
Velocity
The velocity distribution trends of GR-35 in the process of extrusion were shown in Fig. 5 and Fig. 6 . The value of velocity can reflect the change of flux. As can be seen from Fig. 5 and Fig. 6 , with the rotation of the screw, the rotational movement of materials will take place. The speed is relatively larger near the location of the screw arris. The velocity at the first screw arris is 0.33 m·s -1 (Z=0.015) and at the second arris is 0.26 m·s -1 (Z=0.07) . That's because there was small gap between the screw arris and the cylinder, and it lead to great velocity gradient. However, it reduced to 0.07 m·s -1 with the material mixing and extrusion process. As shown in Fig. 5 , the velocity was low when materials closed to the cylinder wall because of no slip between material and the cylinder. When the rotate speed and the inlet flow rate was in certain circumstances, the speed will reduce from inlet to outlet. The large screw speed can make the material mixed well and squeeze tighter, so the speed of the material may decrease. That may lead to danger in the actual production. Therefore, it's necessary to select certain screw rotation to ensure extrusion process of the material normally and safety.
Shearing rate
The shearing rate distribution trends of GR-35 in the process of extrusion were shown in Fig. 7 and Fig. 8 . As can be seen from Fig. 7 , as the continuous rotation of the screw, there were shearing stress to affect the material at the position of arris. The maximum shearing rate appeared clearly between the screw arris and cylinder in the process of the propellant's extrusion. Furthermore, the value of the shearing rate at the first arris is higher than that at the second. Based on the above results, the velocity reduction may lead to the reduction of shear rate, too. So the tendency of the shear rate is consistent with the velocity well. Fig. 7 . Distribution of shearing rate in XY section. Fig. 8 . Distribution of shearing rate at axial direction.
Pressure
The pressure distribution trends of GR-35 in the process of extrusion were shown in Fig. 9 and Fig. 10 . From Fig. 9 , it can be seen that the pressure varies regularly in the process of extrusion. According to Fig. 10 , from the back to the front, the pressure increased at the two arrises. The maximum pressure at arris was 13 MPa and 17 MPa respectively. The phenomenon was caused by the higher propulsion at arris in the extrusion process. The higher propulsion resulted in higher extrusion force for the material. However, with the mixing of the material, it's compaction. The pressure gradually increased due to the force among materials.
Conclusions
In this paper, Polyflow software was used to simulate the screw process of GR-35 propellant. According the results, three conclusions can be drawn.
(1) In the extrusion forming process of double base propellant, the influence of friction and extrusion will lead to temperature rise. If the there were some errors in process conditions, it even lead to combustion and explosion.
According to the results of simulation for solid propellant, the temperature, pressure and shearing rate at screw arris were higher than other position. These phenomena mean the higher possibility for accidents.
(2) In the extrusion process of double base propellant, the temperature, pressure and shearing rate will be higher near the outlet. So not only yield but also safety should be considered in the extrusion process.
(3) It was valuable to apply Polyflow software in the extrusion process of double base propellant. It can simulate the changes of flow based on different conditions in extrusion process. The results can be used to adjust process condition for inherent safety. But this is a preliminary exploration so that more work will be done in the future.
